Glycogenosis type II is a recessively inherited disorder caused by mutations in the acid maltase (GAA) gene. Clinically, three different phenotypes are recognized: infantile, juvenile and adult forms. A majority of compound heterozygous adult-onset patients carry a t-13g mutation in intron 1 associated with splicing out the first coding exon (exon 2). We have studied the mechanism of this mutation in a model system with wild-type and mutant minigenes expressed in a GAA deficient cell line. We have demonstrated that the mutation does not prevent normal splicing; low levels of correctly spliced mRNA are generated with the mutant construct. The data explain why the mutation is restricted to a milder, adult-onset phenotype. We also demonstrate that splicing out of exon 2 occurs with the wild-type construct, and thus represents alternative splicing which takes place in normal cells. Three splice variants (SV1, SV2 and SV3) are made with both the mutant and the wild-type constructs. Furthermore, as shown by RNAse protection assay, these mRNA variants are less abundant with the mutant construct. Thus, a major effect of the mutation appears to be a low splicing efficiency, since the total amount of all the transcripts generated from the mutant construct is reduced compared with the wild type. The removal of ∼90% of the intron 1 (2.6 kb) sequence resulted in a dramatic increase in the levels of correctly spliced mRNA, indicating that the intron may contain a powerful transcriptional repressor.
INTRODUCTION
Glycogenosis type II is a recessively inherited lysosomal glycogen storage disease caused by deficiency in acid maltase (GAA, acid α-glucosidase, EC 3.2.1.20), which catalyzes the hydrolysis of α-1,4 and α-1,6 linkages in glycogen, maltose and isomaltose. Clinical phenotypes vary dramatically: the infantile form (first described by Pompe in 1932; 2) is characterized by rapid progression and deposition of glycogen in the liver, heart and skeletal muscle leading to death from cardiorespiratory failure before the age of 2 years; the juvenile and adult forms usually manifest as slowly progressive myopathy with respiratory insufficiency (reviewed in refs [3] [4] [5] . In the adult form, glycogen accumulation is observed in skeletal muscle but not in other tissues, and the levels of glycogen deposition are significantly lower than those in the infantile form. Death usually occurs by respiratory failure. Enzyme activity is deficient, but rarely absent in adult-onset disease.
Since the gene for GAA was first cloned and characterized (6-10), multiple defects have been identified at the DNA level, including missense and nonsense mutations, splicing mutations, base-pair and large deletions, and insertions (reviewed in refs 5 and 11; 12). A major advance came with the discovery of a mutation shared by a majority of compound heterozygous adult-onset patients from different ethnic backgrounds (1) . The mutation (t-13g) is located upstream from exon 2, the site of the ATG start codon.
In an adult patient we studied, the -13 mutated allele generated three splice variants (SV1, SV2 and SV3) in which exon 2 was partially or completely removed (13) . In this patient we have also determined the haplotype on which the mutation arose, and by mapping polymorphic sites we demonstrated that low levels of correctly spliced mRNA are transcribed from the mutated allele. The data suggested that the 'leakage' of normal transcript may be a general mechanism that defines the delayed phenotypic expression in patients with the -13 mutation. We have now tested this directly in a model system designed to detect transcripts from wild-type and mutant minigenes, thus eliminating the influence of additional mutations on the -13 mutated allele as well as the effect of mutation(s) present on the second allele. In addition, the model enabled us to study the mechanism of the mutation and to manipulate the system in an attempt to increase the level of correctly spliced mRNA.
RESULTS
Previous data demonstrated that in adult-onset patients with GAA deficiency a t to g mutation located 13 nt upstream from exon 2 of the GAA gene was associated with three aberrantly spliced products with complete or partial removal of exon 2, the site of the ATG codon (13) . The pattern of these splice variants (SV1, SV2 and SV3) is shown in Figure 1A . In SV1 a cryptic splice *To whom correspondence should be addressed at: 10/9N244, 9000 Rockville Pike, Bethesda, MD 20892, USA RT-PCR and Southern analysis of the transcripts generated with the t-13g mutant and wild-type minigene constructs. Southern blots were hybridized with specific probes as follows: the correctly spliced mRNA was detected with probe N (exon 1/exon 2 junction); SV1 was detected with intron 1 probe; SV2 was detected with a probe located at the exon1/exon3 junction; SV3 was detected with a probe located at the junction of exon 1 and the 3′ end of exon 2. The sequences of the probes are indicated in the Methods section.
donor site 36 nt downstream from exon 1 is used and exon 2 is spliced out; in SV2 exon 1 is spliced to exon 3, and in SV3 60 nt of the 3′ end of exon 2 are retained in the transcript while most of the exon 2 sequence, including the ATG start site is removed. To study the mechanism of the mutation, we analyzed the splicing pattern of wild-type and mutant constructs in a minigene model system. A portion of the GAA gene spanning exon 1 in the 5′UT region to intron 3 (GAA minigene wild type and mutant) was placed into an expression vector and transfected into GAA deficient human fibroblasts. Total fibroblast RNA was analyzed either by RT-PCR or by RNAse protection assay.
The splicing pattern of the wild-type and mutant pre-mRNAs, was evaluated by RT-PCR. PCR products amplified with primers in exon 1 and exon 3 were hybridized with oligonucleotide probes specific for normal transcript or for one of the splice variants (Fig.  1B) . The oligonucleotides used for PCR amplification and to probe Southern blots are indicated in the Methods section. The mutant minigene construct resulted in generation of all three splice variants and a small amount of normal transcript (Fig. 1B,  right panel) . Thus, in this model system, the mutant construct resulted in the same splicing phenotype that had been previously observed in vivo, including the leakage of normally spliced transcript (13) . The transcripts were not detectable in GAA deficient recipient cells or cells transfected with plasmid alone (not shown).
As shown in Figure 1B (left panel), normal transcript and all three alternatively spliced variants were also made with the wild-type minigene construct. Thus, the RT-PCR based assay suggests that the -13 mutation is located in a region which normally undergoes alternative splicing. To accurately assess the level of mutant gene expression relative to the wild-type we analyzed total fibroblast RNA by RNAse protection assay. The position of the riboprobes (solid lines), as well as the expected size of the protected fragments, is shown in Figure 2 . The probes were designed specifically to detect the normal transcript (N) and each of the alternatively processed mRNA species (probes I, II and III; see also Methods). The RNAse protection assay performed with probe N (Fig. 3) shows that the -13 mutation results in low level of normal transcript, and thus confirms the RT-PCR data. The full pattern of the protected fragments observed with riboprobes I, II or III probes is shown in Figure 4 . A unique band corresponding to each of the splice variants is expected with these probes. The data indicate that normal transcript and all three alternatively spliced products are made by both the wild-type and the mutant constructs. Unexpectedly, in contrast to the PCR data, the RNAse protection assay demonstrated that, in fact, the amount of each splice variant produced with the mutant construct is lower than that observed with the wild-type construct. The total amount of processed mRNA, as detected by RPA, is lower with the mutant construct than with the wild type.
It should be noted that the -13 mutation does cause the upregulation of the splice variants as they constitute a larger proportion of the total mRNA. However, this does not seem to be of great importance as these alternatively spliced forms are still less abundant than with the wild type. Thus, the RNAse protection assay demonstrated that the mutant construct results in a decreased level of processed mRNA, suggesting that the major effect of the -13 mutation is not a splicing abnormality, but rather a low-RNA phenotype.
Two additional constructs were designed to see if there are any elements within the 2.6 kb sequence of the first intron that may potentially contribute to the effect of the mutation. These constructs, ∆-wild-type and ∆-mutant, were tested in transfection experiments and the level of expression measured by RT-PCR and by protection assay. As shown in Figure 5 the removal of 90% of intron 1 results in a dramatic increase in the levels of correctly spliced RNA with both the ∆-wild-type and the ∆-mutant Figure 3 . Detection of normal transcript generated with mutant and wild-type minigene constructs. A solution hybridization/RNAse protection assay was performed using the antisense riboprobe N that contained 390 bp complementary to the 5′ part of exon 2 (the probe also contained ∼60 bp of pGEM plasmid sequence). Total RNA (10 µg) from fibroblasts transfected with mutant or wild-type constructs, probe alone (control), or probe without RNAse (Probe) was used in the assay. β-actin riboprobe was used as control for RNA loading. φx DNA marker is shown in the right lane.
constructs, suggesting that the intron may contain a transcriptional repressor. The removal of a 1.6 kb fragment from the 5′ end of intron 1 resulted in the same level of transcriptional activation and placed the putative repressor element within this fragment of intron 1 (not shown). Most importantly, the amount of normal transcript produced by the ∆-mutant construct (detected both by PCR and RNAse protection assay) increases significantly, indicating that the mutant phenotype can be corrected by activation of transcription.
DISCUSSION
GAA deficiency is characterized by a remarkable phenotypic variability ranging from a rapidly progressive infantile form with cardiac involvement to a late-onset slowly progressive myopathy. In general the level of residual acid-α-glucosidase activity correlates well with clinical course (5), although in some cases an exceptionally low enzyme activity has been found in adult patients with relatively mild phenotype (14, 15) . Recent identification of common genetic defects in patients with different forms of the disease made it possible to evaluate the genotype-phenotype correlation. A genomic deletion of exon 18 or a deletion of a T525 in exon 2 in homozygous form invariably results in a fatal early onset of the disease. On the other hand a combination of either of these defects with the -13 mutation in genetic compound patients is always associated with the delayed phenotypic expression of the disease. The -13 mutation was initially identified in 28 of 41 (70%) adult-onset patients studied (1). Recently, 16 additional patients from 11 families with the mutation have been reported (16) . We identified this mutation in three adult-onset patients (two cases are unpublished). Thus, the mutation was identified in 42 of 55 families (∼77%), which makes it the most frequent mutation restricted to GAA deficient adult-onset phenotype (only one compound heterozygous juvenile patient has been reported with this mutation) (17) .
We have previously studied a genetic compound adult-onset patient (A40) with the -13 mutation, and by mapping multiple polymorphic sites we demonstrated that a small amount of mRNA with correctly spliced exon 2 was transcribed from the -13 mutated allele (13) . This 'leakage' of normal transcript in our patient may have been due to the chromosomal background or a Figure 4 . Detection of alternatively splice transcripts generated with mutant and wild-type minigene constructs. RNAse protection assay was performed using antisense riboprobe I, II or III, respectively. The position of the riboprobes and the size of the protected fragments are indicated in Figure 2 . Total RNA (10 µg) from fibroblasts transfected with mutant or wild-type constructs, probe alone (control), or probe without RNAse (Probe) was used in the assay. Arrows indicate unique bands corresponding to the normal transcript and each of the splice variants. The autoradiograms II and III represent overnight exposure for lanes 'mutant' and 'wild-type', and 3 h exposure for lanes 'Probe' and 'control'. φx-DNA marker is shown in the left lane. Figure 5 . Detection of the normal transcript generated with ∆-mutant and ∆-wild-type constructs. In ∆-mutant and ∆-wild-type constructs ∼90% of intron 1 (2.6 kb) sequence was removed; the intron splice sites and adjacent sequences (100 nt at the 5′ end and 120 nt at the 3′ end) remained intact. Analysis of the normal transcript by RT-PCR (A) and by RNAse protection assay (B). RNAse protection assay was performed using antisense riboprobe I.
combination of the polymorphic sites on the mutated allele. However, the data reported here using a mutant minigene establish that the mutation does not abolish normal processing of GAA mRNA. Rather, the properly spliced transcript is generated at reduced levels. This may explain the less severe clinical phenotype in patients with the -13 mutation. The data also explain why the mutation has not been identified in a homozygous state; individuals homozygous for the -13 mutation would most likely remain phenotypically normal. Based on the data, one can predict that in patients with the adult-onset phenotype the mutation on the second allele is likely to be of the infantile type. In fact, mutations on the second allele that have been identified (a T525 deletion, exon 18 deletion, and splicing out of exon 10) result in generation of nonfunctional products (1, 13, (16) (17) (18) (19) .
We next asked whether the -13 mutation is associated with the increased accumulation of products with partial or complete removal of exon 2. In our minigene model system, all three splice variants (SV1, SV2 and SV3) are generated from the wild-type minigene, indicating that these forms represent normal alternatively spliced products. This was not totally surprising, as two of the variants (SV2 and SV3) were detected previously in EBV-transformed B cells (1) . Alternative splice sites utilized by the splice variants conform closely to the consensus sequences for the 5′ donor site (SV1: cg/gtaaca; consensus: ag/gtaagt) and the 3′ acceptor site (SV3: Py 11 ag/exon; consensus: Py 10 ag/exon).
The mutant construct generated the same three splice variants as the wild type, indicating that the mutation does not affect splice-site selection. Unexpectedly, RNAse protection data showed that the amount of splice variants generated with the mutant minigene was less than with the wild type. Thus, the reduced levels of normal transcript is not due solely to the excessive accumulation of the alternatively spliced products as we had previously supposed (13) . Rather, it is a consequence of a decreased amount of spliced RNA. The splice variants seem to constitute a larger proportion of the total mRNA generated with the mutant construct than with the wild type, suggesting that the mutation does cause a relative upregulation of the alternatively spliced forms. However, this upregulation is not critical because these transcripts are still less abundant than with the wild type.
A possible mechanism of reduced gene expression with the mutant genotype may be the reduced efficiency of splicing. The site of the -13 mutation in intron 1 is within the polypyrimidine (Py) tract which has been shown to regulate the recognition of the branch point and the 3′ splice site. The sequence and distance between the branch site and 3′ splice junction play an important part in selecting the correct AG (20) (21) (22) (23) . In vitro splicing studies of synthetically modified pre-mRNA derived from human B-globin pre-mRNA have shown that when the Py tract was short, multiple purine substitutions (U to G) resulted in a dramatic decrease of splicing efficiency (22) . A detailed mutational analysis of an adenovirus 2 intron demonstrated that uracil residues within the tract are functionally more important than cytosine residues, and a single purine substitution can affect splicing, particularly in short tracts (24) . Substitutions within the tract may alter the binding of several putative trans-acting factors and RNA-binding proteins including hnRNPC, PTB and U2AF (25) (26) (27) (28) (29) (30) (31) (32) . Changes in the Py tract have been shown to affect the binding affinity of U2AF (32) . Decreased affinity for one or several of these proteins may be a mechanism by which a T to G substitution within the Py tract of the GAA intron 1 decreases the efficiency of splicing.
Finally, we have demonstrated that the production of normal transcript could be stimulated. A removal of most of the intronic sequence resulted in a dramatic increase of the correctly spliced mRNA both with the mutant and wild-type constructs. The finding is not totally surprising, as transcriptional control regions are typically clustered in flanking regions or introns. An attempt to induce the generation of normal transcript would be an approach to correct the phenotype in adult-onset patients with the -13 mutation. In these patients even a small increase in the amount of normal transcript would be beneficial as homozygosity for this mutation seems to provide enough enzyme activity to remain phenotypically normal.
MATERIALS AND METHODS

Minigene constructs
The GAA minigene system was constructed to include the genomic region spanning exon 1 (5′ UT region) through exon 3 and a portion of intron 3. A diagram showing the construction of wild-type and mutant minigenes is shown in Figure 6 . A 3 kb fragment which included exon 1, intron 1 and part of exon 2 was PCR-amplified from a genomic clone to introduce a HindIII restriction site at the 5′ end. For the amplification, the primers were located 38 bp upstream from exon 1 (sense: gcgaagcttccgggtcggtggggcggtcggct-HindIII) and in exon 2 (antisense: gcgcagacggccaggagccggtg). The fragment was digested with HindIII/XbaI (a natural XbaI site is located 120 bp upstream from exon 2) and cloned into a mammalian expression vector (pcDNA3) to produce 3 kb GAApcDNA3. A 2 kb genomic fragment which included the rest of the minigene was released from the genomic clone by XbaI digest. This fragment was cloned into XbaI-digested 3 kb GAApcDNA3. The resulting wild-type plasmid was used for transfection experiments and as a template to introduce the t-13g point mutation.
To generate a mutant construct, the 2 kb XbaI fragment was first cloned into intermediate plasmid pGEM-3Z 15 nt downstream from the SacI site. The resulting plasmid (pGEM2kbGAAXbaI wt) was then digested with SacI to release a 600 bp fragment extending to the natural SacI site in the exon 2 of the GAA gene. The released wild-type SacI fragment was substituted by the mutant (t-13g) fragment generated by the recombinant PCR technique (33) . The 2 kb mutant XbaI fragment was released from this plasmid and subcloned into 3 kb GAApcDNA3 to produce the mutant construct.
Two other constructs, ∆-wild-type and ∆-mutant, were designed with 90% of intron 1 removed. The 5′ end (100 bp) and the 3′ end (120 bp including the natural XbaI restriction site) of intron 1 remained intact. To generate these constructs, the region spanning exon 1 was amplified with HindIII primer (described above) and antisense primer located at positions 74-95 downstream from exon 1 (gcgtctagactcaggggaagagctgggggcaXbaI). The fragment was cloned into pcDNA3; this intermediate plasmid was then digested with XbaI for ligation with either the wild-type or the mutant 2 kb XbaI fragment described above.
Cell culture, transfection and RNA isolation
TR4912 is an SV40-immortalized human fibroblast cell line that has no detectable GAA mRNA or enzymatic activity (34) . The fibroblasts were transfected with expression constructs (20 µg/100 mm dish) by the calcium phosphate method or in the presence of liposomes (5 µg DNA /100 mm dish). Multiple transfections were performed with different preparations of the constructs and each experiment was done in duplicate or triplicate. The minigene plasmids were transfected with or without a control expression plasmid, which contained the coding sequence of the splicing factor SF2/ASF. The expression plasmid pCG-SF2 was kindly provided by Dr A. R. Krainer. SF2 expression was detected by RT-PCR as described (35) with a reverse primer in the coding region and two forward primers derived from the pCG vector (to monitor the efficiency of transfection) and from the 5′ UTR of the endogenous SF2 gene (RNA control of the recipient cells; data not shown). Following transfection, RNA was isolated (Total RNA Kit, Qiagen, Chatsworth, CA, USA) and analyzed either by RT-PCR and Southern hybridization or by RNAse protection assay. The same RNA samples were used for RT-PCR and RNAse protection assay.
RT-PCR and Southern analysis
Total RNA (2 µg) was transcribed into cDNA by using random primers and AMV reverse transcriptase. The cDNA (equivalent to 0.2 µg total RNA) was amplified with primers located in exon 1 (sense: 5′-cagttgggaaagctgaggttgtcgcc) and exon 3 (antisense: 5′-gggcacctcgtagcgcctgttagct) under the following conditions: 2 min at 55_C and 10 min at 72_C for second strand cDNA synthesis, followed by denaturation at 95_C for 1 min, annealing at 55_C for 1 min and extension at 72_C for 1 min 20 s for 35 cycles. PCR products were resolved on a 1.5% agarose gel and subjected to Southern analysis. The hybridization of Southern blots was carried out at 42_C for 16 h in 5×SSPE, 5×Denhardt's solution, 0.5% SDS, 100 µg salmon sperm DNA and 50% formamide. The membrane was washed twice with 0.2×SSC, 0.1% SDS at room temperature followed by two washes at 37_C for 30 min and two washes at 65_C for 30 min. Oligonucleotide probes for Southern hybridization were designed to detect the normal transcript and each of the splice variants. For the normal transcript the probe was located at the exon 1/exon 2 junction (gaggcacggagcgggcctgtaggagctgtcca); for SV1-in the intron 1 (bp 5-30 gacacctgacgtctgccccgcgcct); for SV2-at the exon 1/exon 3 junction (gaggcacggagcggatcaaagatc); and for SV3-at the junction of exon 1 and the 3′ part of exon 2 which is retained in this splice variant (gaggcacggagcggcccgtaccaccccca).
RNAse protection assay
DNA fragments for riboprobes were generated by recombinant PCR (11) and cloned into pGEM-3Z vector. The DNA fragments contained the following sequences: for the normal transcript-390 bp of the 5′ part of exon 2 (probe N); for SV1-exon 1, 36 nt of intron 1 (retained in the transcript), exon 2 and exon 3 (probe I); for SV2-exon 1 and exon 3 (probe II); for SV3-exon 1 and 60 bp of the 3′ end of exon 2 (probe III). Riboprobes were synthesized and labeled using 32 P-CTP and T7 polymerase (Ambion, Inc., Austin, TX, USA). RPA was performed with 10 µg of DNAse-treated RNA and gel-purified labeled riboprobe (12×10 4 c.p.m. ) using a Hyb-Speed RPA kit (Ambion). The protected fragments were resolved on a 6% denaturing polyacrylamide sequencing gel. The gels were exposed to film for 16 h at -80_C.
